Two guanylate-cyclase-activating proteins (GCAP) encoded by a tail-to-tail gene array have been characterized in the mammalian retina. Using frog retina as a model, we obtained evidence for the presence of a photoreceptor Ca 2ϩ -binding protein closely related to GCAP. This protein (206 amino acids) does not stimulate guanylate cyclase (GC) in low [Ca 2ϩ ], but inhibits GC in high [Ca 2ϩ ], and is therefore termed guanylate-cyclase-inhibitory protein (GCIP). Sequence analysis indicates that GCIP and GCAP1 and GCAP2 have diverged substantially, but conserved domains present in all vertebrate GCAP are present in GCIP. Moreover, partial characterization of the GCIP gene showed that the positions of two introns in the GCIP gene are identical to positions of corresponding introns of the mammalian GCAP gene array. As to the major differences between GCIP and GCAP, the fourth EF hand Ca 2ϩ -binding motif of GCIP is disabled for Ca 2ϩ binding, and GCIP does not stimulate GC. Monoclonal and polyclonal antibodies raised against recombinant GCIP identified high levels of GCIP in the inner segments, somata and synaptic terminals of frog cone photoreceptors. The results suggest that GCIP is a Ca 2ϩ -binding protein of the GCAP/recoverin subfamily. Its localization in frog cones closely resembles that of GC in mammalian cones. GCIP inhibits GC at high free [Ca 2ϩ ], competing with GCAP1 and GCAP2 for GC regulatory sites.
Two guanylate-cyclase-activating proteins (GCAP) encoded by a tail-to-tail gene array have been characterized in the mammalian retina. Using frog retina as a model, we obtained evidence for the presence of a photoreceptor Ca 2ϩ -binding protein closely related to GCAP. This protein (206 amino acids) does not stimulate guanylate cyclase (GC) in low [Ca 2ϩ ], but inhibits GC in high [Ca 2ϩ ], and is therefore termed guanylate-cyclase-inhibitory protein (GCIP). Sequence analysis indicates that GCIP and GCAP1 and GCAP2 have diverged substantially, but conserved domains present in all vertebrate GCAP are present in GCIP. Moreover, partial characterization of the GCIP gene showed that the positions of two introns in the GCIP gene are identical to positions of corresponding introns of the mammalian GCAP gene array. As to the major differences between GCIP and GCAP, the fourth EF hand Ca 2ϩ -binding motif of GCIP is disabled for Ca 2ϩ binding, and GCIP does not stimulate GC. Monoclonal and polyclonal antibodies raised against recombinant GCIP identified high levels of GCIP in the inner segments, somata and synaptic terminals of frog cone photoreceptors. The results suggest that GCIP is a Ca 2ϩ -binding protein of the GCAP/recoverin subfamily. Its localization in frog cones closely resembles that of GC in mammalian cones. GCIP inhibits GC at high free [Ca 2ϩ ], competing with GCAP1 and GCAP2 for GC regulatory sites.
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Ca
2ϩ -binding proteins regulate a number of cellular pro-logues (S-modulin and s26, respectively) have been identified in cesses as a function of the cytoplasmic free Ca 2ϩ concentration the bullfrog (Rana catesbiana) retina and shown to modulate [1Ϫ3] . In vertebrate photoreceptors, the free [Ca 2ϩ ] fluctuates photoreceptor sensitivity by prolonging the activated state of depending on dark adaptation and bleaching, and Ca 2ϩ -binding cGMP phosphodiesterase (PDE) [17Ϫ19] . Mammalian GCAP1 proteins are key components for the regulation of phototransduc-and GCAP2 were shown to stimulate photoreceptor guanylate tion, particularly the return of photoreceptors to the dark-adapted cyclase (GC) only when depleted of Ca 2ϩ [11, 13] . Biological state [4Ϫ6] . In recent years, several low-molecular-mass Ca 2ϩ -activity in the Ca 2ϩ -free state is unlike that of most other Ca 2ϩ -binding proteins have been identified in mammalian photorecep-binding proteins, which acquire activity only when loaded with tors. These proteins include calmodulin [7, 8] , recoverin [9] , Ca 2ϩ . GCAP were shown to act at an intracellular domain of guanylate-cyclase-activating protein 1 (GCAP1) [10Ϫ12] and GC [20, 21] , in contrast to non-photoreceptor GC, which are GCAP2 (p24) [13, 14] . While calmodulin is distributed in virtu-stimulated by hormone peptides at the extracellular domain. ally all tissues, recoverin and GCAP are thought to be retina-GCAP1 and GCAP2 are present in rod and cone photoreceptors. specific Ca 2ϩ sensors. GCAP2 is also present in the inner retina, suggesting a more In bovine photoreceptors, Ca 2ϩ · calmodulin has been sug-diverse role for this Ca 2ϩ -binding protein in the mammalian retgested to interact with the β subunit of the rod cGMP-gated ina [10, 13, 14, 22Ϫ24]. Frog GCAP1 was cloned previously cation channel [7, 15, 16] . Frog rod and cone recoverin homo- [11] , and shown to be very similar to mammalian GCAP1. In
MATERIALS AND METHODS
branes (Amersham) as described previously [26] . Approximately 1 µg frog or bovine poly(A)-rich mRNA/lane was loaded. The Isolation of mRNA. The use of all animals conforms to the frog samples were probed with random-primed fragments enAssociation for Research in Vision and Ophthalmology state-coding frog GCAP1 (FG1), frog GCAP2 (N-terminal fragment), ment for the use of animals in ophthalmic and vision research. or GCIP (FGX5.1), and the bovine sample with a fragment enUsing the FastTrack procedure (Invitrogen), frog retina mRNA coding bovine GCAP2. Hybridization was carried out at 42°C was isolated from 5Ϫ25 dark-adapted frogs (Rana pipiens) and in 50% formamide overnight. Blots were washed at 55°C in bovine mRNA from five bovine retinas obtained from a local 0.1ϫNaCl/Cit, 0.1 % SDS. The RNA size was estimated relative slaughterhouse. Retinas were excised in dim red light, frozen in to an RNA ladder (Gibco/BRL). liquid nitrogen and stored at Ϫ80°C or processed immediately.
Expression of GCIP in Escherichia coli. A 778-bp fragLibrary construction and screening. Using 10 µg R. pi-ment of the coding sequence of GCIP, lacking the first 11 amino piens retina poly(A)-rich mRNA and oligo(dT) priming, a acids, was inserted between the KpnI and SalI sites of the pQE30 cDNA library was produced, following the cDNA-synthesis and vector (Qiagen). The resulting construct, pQEgcip-11, was se-λ-UniZap XR cloning and packaging procedures of Stratagene. lected in E. coli JM109 and then transferred into E. coli M15. The EcoRI and XhoI sites of the vector were used to unidirec-Recombinant E. coli were grown in Luria-Bertani medium contionally clone the cDNAs. The titer of the final library was 10 11 taining 100 µg/ml ampicillin and 25 µg/ml kanamycin overnight plaque-forming units/ml. Plaques (1ϫ10 5 ) were screened with at 37°C. Cultures were diluted 1 :50 and grown until the absorpfragments of bovine GCAPs containing the entire coding se-tion at 600 nm reached 0.7. The GCIP-11 expression was inquence under reduced stringency [25% formamide, 6ϫNaCl/Cit duced by incubation for 5 h in the presence of 1 mM isopropyl-(1ϫNaCl/Cit is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) thio-D-galactopyranoside. Cells were pelleted by centrifugation at 35°C for 12 h]. Filters were washed four times with NaCl/ at 4°C. Purification of insoluble proteins was conducted from Cit, 0.1 % SDS at 35°C and exposed to Kodak XAR5 film. Posi-the pellet as suggested in protocol 2 of the manual provided with tive clones were plaque purified, and the inserts excised into the Qiaexpressionist kit (Qiagen) using urea as a solvent. Urea pBluescript SK(Ϫ) according to the manufacturer's protocol.
was removed by dialysis against 10 mM sodium phosphate, Cloning of frog GCAP1 and GCIP. Frog GCAP1 was pH 7.5. This allowed GCIP-11 to refold into a soluble protein.
cloned by screening the frog retina cDNA library and using bo-The yield was 1 mg/l culture of recombinant GCIP-11. vine GCAP1 as a probe [11] , resulting in clone FG1 containing Expression of GCIP and mutant GCAP1 in insect cells. a 4-kb insert. GCIP was cloned using bovine GCAP2 as a probe The transfer vector pVLgcip was constructed by subcloning a at low stringency. Several 5′-truncated clones in which the ORF full-length DNA fragment encoding GCIP into the pVL1393 of GCIP was interrupted by an artifactual stop codon were iso-vector (Invitrogen). GCIP was excised from the pBluescript lated. One clone containing the entire uninterrupted coding se-clone FGX5.1 with EcoR1 and Xho1, blunt-ended and cloned quence of GCIP (FGX5.1) was obtained. To confirm the 5′ end into the Sma1 site of the vector. High Five cells (Invitrogen) of the GCIP clone FGX5.1, rapid amplification of the 5′ ends derived from the cabbage looper (Pharmingen) were transfected was performed. Random-primed first-strand cDNA (cDNA with 0.5 µg BaculoGold DNA and 5 µg pVLgcip in a 25-cm 2 cycle kit, Invitrogen) was tailed with terminal transferase in the tissue-culture flask as described previously [14] . A triple mutant presence of 1 mM dATP. The tailed template was amplified with of GCAP1, [D75,D111,D155]GCAP1, in which all functional primers mcs-dT (5′-GCAGATCTAGATATCGAT 16 ) and W410 Ca 2ϩ -binding sites were disabled by site-directed mutagenesis, (5′-GGGTGATTGCACCATCTCC), and the resulting fragments was expressed, purified by affinity chromatography as described cloned into PCR2.1 (Invitrogen) and sequenced with infrared-for GCAP1 [14] and used to stimulate GC at high [Ca 2ϩ ] [39] . tagged primers using a LI/COR automatic sequencer in both di-Recombinant proteins were analyzed by SDS/PAGE and immurections [25] .
noblotting. Cloning of frog GCAP2. The frog retina library yielded no Preparation of anti-GCIP mAb. BALB/c mice were immufrog GCAP2 clones by direct screening with bovine GCAP2 nized with bacterially expressed GCIP. A hybridoma cell line, (10 5 Ϫ10 6 clones were screened). Partial frog GCAP2 clones GCIP-G6, producing specific anti-GCIP mAb was prepared by were obtained by reverse transcription/PCR using the following fusion of BALB/c mouse myeloma cells with spleenocytes from degenerate primers : a degenerate sense primer for EF hand 2 the immunized mice according to the procedure of [27] and the (SD1 in Fig. 2B ), GCNTTYGAYAMRAAYGGNGA, where R hybridomas were screened by immunoblotting. Positive clones is A or G, Y is C or T, and M is A or C; two degenerate antiwere subcloned in soft agarose. A GCIP-G6 mAb was purified sense primers (AD1 and AD2 in Fig. 2 B) , CKNGCNCCNTCNfrom ascites fluid on a protein A column (Pharmacia) according AYRAAYTC, where K is G or T; and TGNCCRTCNCCRTTYto the manufacturer's instruction. The mAb was IgG2a subclass. TCRTC. Fragment SD1/AD1 was amplified using first-strand Preparation of polyclonal anti(bovine GCAP2) and anticDNA as a template (no stainable fragments). 1 µl of a 1:100 GCIP Ig. Polyclonal anti-GCAP2 Ig UW31 was described dilution of this amplification was further amplified with a nested earlier [23] . Polyclonal anti-GCIP Ig UW46 (bacterially expair SD1/AD2. The N-terminal portion was amplified with a pressed GCIP) was raised in New Zealand white rabbits by subsequence specific antisense primer 5′-CTCTGTTTTGTCTATGcutaneous immunization with about 50 µg GCIP (in 100 µl) CAGC (12 in Fig. 2 B) , universal primer SK and Taq DNA mixed with an equal volume of Freund's adjuvant (Cocalico polymerase using standard PCR conditions. The C-terminal porBiologicals, Inc.). Animals were boosted at 1Ϫ2-week intervals tion was amplified with a sense primer 5′-CAAGGTTTATGACwith 25 µg GCIP mixed with incomplete adjuvant. For purifica-AGAGATGG (11 in Fig. 2B ) and T7 using the Expand longtion, 10 ml rabbit serum UW46 was diluted twice in 10 mM 1,3-range PCR kit (Boehringer Mannheim). The N-terminal and bis[tris(hydroxymethyl)methylamino]propane, pH 7.5, 50 mM C-terminal portions were amplified using the frog retina library NaCl and loaded on GCIP-Sepharose (1 cmϫ4 cm; 0.25 mg as a template. Since fragments of the correct size and sequence protein/ml CNBr-activated Sepharose 4B). Columns were equilicould be amplified, clones encoding frog GCAP2 must be brated in the same buffer. The elution was performed with 0.1 M present.
glycine, pH 2.5. 5 mg purified polyclonal UW46 Ig were obNorthern blotting. RNA was separated on a 2.2 M formaldehyde/1% agarose gel and transferred to Hybond-Nϩ mem-tained.
Preparation of frog ROS membranes. ROS membranes were prepared from dark-adapted bullfrogs (R. catesbiana) with a 46% sucrose flotation similarly as described earlier [28] . After bleaching, the ROS membranes from 20 frogs were incubated with 50 µM GTP[S] (overnight, 4°C) in 20 ml 10 mM Tris/HCl pH, 7.5, 5 mM dithiothreitol, 5 mM MgCl 2 , 1 mM EGTA, 5 µM leupeptin, 5 µM pepstatin, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, and 200 mM NaCl (buffer A). The ROS membranes were washed twice with 5 ml buffer A containing 50 µM GTP[S], seven times with buffer A containing 800 µM GTP and three times with 5 ml buffer A to eliminate guanine nucleotides. These ROS membranes contain high PDE activity [28] , and addition of 50 µM GTP[S] did not further stimulate PDE activity in the presence or absence of exogenous PDEγ, indicating that PDEγ and transducin A subunit are depleted. After addition of excess purified PDEγ, GC activity in these membranes was measured.
SDS/PAGE and immunoblotting. SDS/PAGE was performed using 12% polyacrylamide gels [29] . The electrotransfer with alkaline phosphatase (Promega) was used at dilution (frog GCAP1), 4.8 (frog GCAP2), 4.1 and 1.0 (GCIP) and 2.2 kb (bovine 1:5000. Antibody binding was detected using 5-bromo-4-GCAP2).
chloro-3-indolyl phosphate and nitroblue tetrazolium [30] . In some blots, the enhanced chemiluminescence system (Amersham) was employed [31] .
scanning confocal microscope. Image files were printed with a GC assays. The bovine GC assays were performed at low Tektronix dye sublimation printer. (30 nM) and high (2 µM) [Ca 2ϩ ] using [A-32 P]GTP and washed ROS membranes in the presence of 1 mM isobutyl methyl xanthine or using [A-
32 P]GTP as described previously [14] . The frog RESULTS GC assays were performed as previously described [32] with cDNA cloning and northern blotting. While GCAP1 was several modifications. Instead of isobutyl methyl xanthine and abundantly represented in the frog retina library, GCAP2 was MnCl 2 , purified frog PDEγ (0.1 µM) and MgCl 2 (10 mM) were extremely rare, and could not be identified by standard screening added to the reaction mixture. The PDEγ concentration was high procedures. Instead of the expected GCAP2, under low strinenough to inhibit active PDE in these membranes under the GC gency a clone encoding GCIP was isolated, which exhibited assay conditions and has been shown not to directly affect GC relatively low sequence similarity to GCAP1 and GCAP2 or activity.
other Ca 2ϩ -binding proteins. A partial frog GCAP2 fragment Immunocytochemistry. Immediately after animal sacrifice, was cloned directly by reverse transcription/PCR with degenerthe anterior segments of Xenopus eyes were removed and the ate primers designed according to conserved EF2 and EF4 eye cups fixed overnight at 4°C in 4% paraformaldehyde in sequences (see Materials and Methods). A full sequence was 0.13 M sodium phosphate, pH 7.4. Eye cups were washed three obtained by PCR with sequence-specific sense/antisense primers times for 15 min in chilled 0.14 M NaCl, 4.3 mM Na 2 HP i , and universal primers using the library as a template. Northern pH 7.3 (NaCl/P i ), to remove residual aldehydes. The sclera of blotting ( Fig. 1) revealed one RNA species for frog GCAP1 each eye cup was dissected and the retina and choroid embedded (4.5 kb), one for frog GCAP2 (4.8 kb), and two for GCIP (4.1 kb in 5% low gelling agarose (Sigma) as described [33] . A Leica and 1.0 kb) in the frog retina. The two GCIP RNA species are VT1000E vibrating microtome was used to cut 100-µm thick of the same intensity and are probably generated by differential sections of Xenopus retina. Sections were incubated in normal polyadenylation. When bovine retina RNA was probed with goat serum diluted 1:100 in NaCl/P i to block non-specific label-GCIP, no distinct bands were detectable under low or high ing. Sections were incubated overnight at 4°C in affinity-puri-stringency (data not shown), suggesting low sequence conservafied anti-GCIP mAb (G6 ; 1: 1000) in NaCl/P i containing Triton tion of GCIP in mammalian systems. The results show that frog X-100 (0.2%), BSA (0.5%), and sodium azide (0.05 %). Con-GCAP1 and GCIP are relatively abundant in the retina library, trols were performed by omitting primary antibodies from the while GCAP2 is poorly represented. incubation buffer, or by adsorbing primary antibody with purified GCIP (25 µg/ml) prior to incubation. After incubation with Predicted amino acid sequences of frog GCAP1, GCAP2 and primary antibody, sections were rinsed repeatedly in chilled GCIP. Frog GCAP1 and GCAP2 cDNA clones (Fig. 2) preNaCl/Pi and incubated overnight at 4°C in indocarbocyanine-dicted polypeptides consisting of 205 amino acids and 197 conjugated goat anti-mouse IgG (Jackson ImmunoResearch amino acids, respectively. Both polypeptides are highly similar Laboratories, Inc.) diluted 1 :200 in NaCl/P i /BSA/Triton X-100. to their mammalian counterparts in sequence and domain Sections were rinsed in NaCl/P i /BSA/Triton X-100, mounted in structure. GCIP cloning predicted a 206-amino-acid GCAP ho-5% n-propylgallate in glycerol and covered with a cover slip. mologue with relatively low sequence similarity to GCAP1 and GCAP2 (Figs 2 and 7) . As is characteristic for GCAP, the GCIP Immunolabeling was analyzed with a BioRad MRC 600 laser Lanes 1, water extract from Xenopus retina ; lanes 2, water extract from bovine retina ; lanes 3, purified native bovine GCAP1 ; lanes 4, purified native bovine GCAP2.
polypeptide is acidic, predicts myristoylation at residue 2 (Gly), Expression in insect cells. For functional assays of GCIP with GC,we produced a recombinant protein in insect cells. In conand has four structural EF hand motifs. The sequence similarity of GCIP with GCAP from various species is between 35% trast to bacteria, insect cells perform all eucaryotic posttranslational modifications including myristoylation. The recombi-(mammalian) and 42% (chicken), while frog GCAP1 and GCAP2 show 70% or greater sequence similarities with their nant GCIP was analyzed by SDS/PAGE and western blotting (Fig. 4 A, B) . The results show that recombinant GCIP expressed mammalian cousins. In GCAP and in GCIP, the first EF hand domain (EF1) is non-functional for Ca 2ϩ binding. In GCIP, the in insect cells migrates similarly to recombinant GCIP expressed in bacteria. In addition, recombinant GCIP showed a modest fourth EF hand domain also lacks several amino acid residues thought to be essential for chelating Ca 2ϩ . Thus, similarly to mobility shift in the presence of EGTA, a characteristic feature of calmodulin-like Ca 2ϩ -binding proteins. The shift is much recoverin, GCIP probably has only two functional Ca 2ϩ -binding sites.
weaker than in GCAP (three Ca 2ϩ -binding sites), consistent with only two predicted Ca 2ϩ -binding sites in GCIP. For GC assays, recombinant GCIP was purified to homogeneity by affinity chroExpression of GCIP in bacteria and specificity of antibodies.
matography on G6-Sepharose as described previously for To identify the cellular location of GCIP within the retina, the GCAP1 and GCAP2 [14, 34]. development of monospecific antibodies was essential. For preparation of monoclonal and polyclonal antibodies, the coding seTissue specificity. To identify tissues other than retina that may quence of GCIP (lacking 11 N-terminal amino acids) was exexpress GCIP, we prepared a frog multiple-tissue western blot pressed in bacteria and the recombinant polypeptide was used in which brain, heart, kidney, lung, stomach, liver and retina as an antigen. A mAb, G6, and a polyclonal antibody, UW46, were probed with mAb G6 (Fig. 4B) . As a positive control, rewere further characterized by immunoblotting. G6 and UW46 combinant GCIP (expressed in insect cells) was included. We reacted strongly with a single protein present in whole frog included a bovine retina sample as a negative control. The re-(Xenopus) retina extracts (Fig. 3) , and were not reactive with sults show that GCIP is expressed specifically in the frog retina, GCAP1 or GCAP2 from the mammalian retina (Fig. 3B) . The and cannot be detected in any other frog tissue tested. Consistent mobility of the detected protein (25 kDa) corresponded to the with Fig. 3A , no cross-reactivity of mAb G6 with GCIP or calculated mass of GCIP (23500 Da). When anti-(bovine GCIP-like antigens could be detected in the bovine retina. GCAP1) Ig UW14 was used on western blots with Xenopus retina tissue extracts, frog GCAP1 was readily detectable, consistent with close sequence similarity. When anti-(bovine GCAP2) Inhibition of GC stimulation by GCIP. We tested the ability of GCIP, depending on [Ca 2ϩ ], to stimulate GC in ROS memIg UW31 was used for western blotting with frog tissue, a series of minor bands in the 20Ϫ26-kDa range, but no strong response branes. When GCAP-depleted bovine (data not shown) or frog (Fig. 5 A) ROS membranes were reconstituted in low [Ca 2ϩ ] for frog GCAP2, was observed. It is unclear which of these minor bands represents frog GCAP2. These results show that mAb with bovine GCAP1, bovine GCAP2 or GCIP, only the GCAP were able to stimulate GC activity, while GCIP was not. The G6 and polyclonal antibody UW46 are specific for GCIP, and that anti-(bovine GCAP1) Ig UW14 and anti-(bovine GCAP2) results for GCIP were negative for polypeptides expressed in bacteria or insect cells. When washed ROS (no detectable Ig UW31 are cross-reactive with corresponding frog antigens. The levels of frog GCAP2 in the frog retina, as judged by west-GCAP1 present) were assayed in low [Ca 2ϩ ], increasing amounts of GCIP had no effect (Fig. 5 B) . When assayed in ern blotting and library screening, are apparently much lower than those of frog GCAP1 and GCIP.
2 µM [Ca 2ϩ ], inhibition of the basal activity of the endogenous GC was observed. The half-maximal inhibition of GC is less phological differences. Cones, but not rods, contain a short, tapered outer segment and an oil droplet at the apex of the inner than 100 nM (Fig. 5 B) . We tested the ability of GCIP to compete with a triple mutant of GCAP1, a Ca 2ϩ -insensitive constitu-segment. When used for immunofluorescence microscopy, the anti-GCIP mAb G6 intensely labeled the inner segments, somata tive activator of GC (see Materials and Methods), for binding sites on GC. When ROS membranes were reconstituted with and synaptic terminals of cone photoreceptors. Outer segment labeling was not detectable under these conditions. The GCAP1, GCAP2 or [D75,D111,D155]GCAP1 in low [Ca 2ϩ ], GC was stimulated to 15Ϫ20 pmol cGMP/min, and increasing immunostaining was abolished by incubation of the antibody with recombinant GCIP. Similar results were obtained with the amounts of GCIP had no effect. In the presence of 2 µM [Ca 2ϩ ], however, stimulation of the GC activity by [D75,D111,D155]-polyclonal anti-GCIP Ig UW46 (data not shown). These results closely resemble immunofluorescence labeling of human and GCAP1 was potently inhibited with increasing amounts of GCIP. Very similar results were obtained when ROS membranes monkey retina with anti-(bovine GCAP2) Ig [23] . The results suggest that GCIP localizes to a large part with GC, which has were replaced by recombinant GC (data not shown). An identical inhibition of [D75,D111,D155]GCAP1 stimulation was ob-been shown to be present in synaptic regions, and inner and outer segments of mammalian cones [36, 37] . served with Ca 2ϩ -loaded GCAP1 and GCAP2, but not with calmodulin or recoverin [35] . The results show that GCIP, while Partial structure of the GCIP gene. GCAP1 and GCAP2 were unable to stimulate GC, still has GCAP-like properties in inhibitshown to be encoded by a tail-to-tail gene array on chromosome ing the basal activity of GC at high [Ca 2ϩ ], and inhibiting stimu6p in human (17D in mouse), with identical positions of respeclation of GC by the Ca 2ϩ -insensitive [D75,D111,D155]GCAP1. tive introns within the coding sequences [12, 24, 25] . If GCIP is a GCAP-like polypeptide, as proposed from sequence simiLocalization of GCIP in Xenopus retina. In Xenopus retina, rod and cone photoreceptors can be easily distinguished by mor-larity and from biochemical data, the GCIP gene structure might yield further clues on the relatedness of these genes and gene DNA polymerases and primer sets, suggesting that this intron in frog may be very large. The results suggest that the GCIP gene products. We amplified two of the three putative introns (0.99 kb and 1.2 kb) of the GCIP gene (Fig. 2 C) and found that they are structure is closely related to that of the GCAP gene array, and that it is probably the product of an ancient gene-duplication located at the same positions as in the GCAP gene array. The third intron resisted PCR amplification using a series of Taq event.
DISCUSSION
The third argument for GCIP to be GCAP like is derived from the partial gene structure of GCIP (Fig. 2 C) compared with We identified a Ca 2ϩ -binding protein in frog retina (GCIP) those of GCAP and recoverin. GCAP1 and GCAP2 are encoded that is distinct from, but related to, GCAP, which stimulate pho-by a tail-to-tail array, which was generated during evolution by toreceptor GC in low free [Ca 2ϩ ]. In high free [Ca 2ϩ ], GCAP1 a gene-duplication/inversion event [25] . This event must have and GCAP2 inhibit GC, a physiologically relevant process lead-happened hundreds of million of years ago and preceded maming to Ca 2ϩ -regulated synthesis of cGMP in photoreceptors. We malian diversification, since the gene array is present in mouse termed this protein GCIP due to its ability to inhibit basal [24] and human [25] . While the exon sequences of the two activity of GC in high [Ca 2ϩ ], and to potently inhibit GC in high GCAP genes have diverged significantly, and the intron seCa 2ϩ when assayed in the presence of a Ca 2ϩ -insensitive triple quences of the two genes in human and mouse are unrelated, the mutant, [D75,D111,D155]GCAP1. The identification of GCIP, three respective intron positions have been precisely conserved which has relatively low sequence similarity with GCAP2, was within the gene array. By partially characterizing the GCIP gene, made possible by two fortuitous circumstances : limited se-we found that the first two introns are at the same positions as quence similarity between GCAP2 and GCIP on the cDNA the introns in the mammalian GCAP gene array. The recoverin level, sufficient to identify clones by hybridization under re-gene has only two introns, the positions of which roughly correduced stringency; and very low representation of GCAP2 cDNA spond to those of the last two introns of the GCAP genes [39] . clones in the retina library.
Thus, the GCIP gene structure is closely related to that of the Comparing GCAP1, GCAP2 and GCIP, there are several GCAP genes, and we may assume that the GCIP/GCAP genes major differences indicating that GCIP is a member of a subfam-may have been generated by several gene-duplication events ily of Ca 2ϩ -binding proteins of the calmodulin supergene family. during evolution. If this assumption holds true, GCAP/GCIP First, on a functional level GCIP stimulates neither native GC genes may be organized in a gene cluster, similar to those obin bovine or frog ROS membranes, nor recombinant GC ex-served for genes encoding Ca 2ϩ -binding proteins of the S100 pressed in insect cells (data not shown) at low [Ca 2ϩ ] (Fig. 5A) (Fig. 5 B) . Second, on the amino acid sequence The physiological role of GCIP, which can inhibit but not level (Fig. 7) GCIP is predicted to have only two functional stimulate GC, is not understood. GCIP may play a role in regulaCa 2ϩ -binding sites (EF2, EF3), while GCAP have three (calmo-tion of GC in phototransduction or in other pathways in which dulin has four). In this respect, GCIP resembles recoverin, which GC participates as a cGMP-producing enzyme. If present in has only two functional Ca 2ϩ -binding sites (EF2, EF3) and does outer segments at higher levels than indicated by immunolocalinot stimulate GC. Third, according to immunolocalization GCIP zation (Fig. 6) , we may speculate that GCIP could accelerate GC appears to be a cone-specific Ca 2ϩ -binding protein (Fig. 6) , inactivation in cones when Ca 2ϩ levels have been restored in the while GCAP1 and GCAP2 are distributed in rods and cones of recovery phase, and that it may act in addition to GCAP1 to vertebrate retinas.
ensure rapid inhibition of GC that prevents overproduction of There are, however, several features that classify GCIP as cGMP. Since GC and GCIP localize to cone compartments dis-GCAP like. First, the sequence similarity among frog GCAP and tinct from outer segments, both components probably play addi-GCIP is 31Ϫ35% (Fig. 7) , while it is only 26% or less to S-tional roles in pathways unrelated to phototransduction. modulin (or frog recoverin) and its cone homologue S-26. A
We are indebted to Maria Rudnicka-Nawrot for some of the GC dendrogram based on sequence similarity groups GCAP and assays, Paulette Brunner and the W. M. Keck Center for Advanced GCIP together in one subgroup, and the S-modulins/recoverins Studies in Neuronal Signaling for assistance with confoncal microscopy in another (Fig. 7) . The domain structure of GCIP, consisting of (Fig. 5 B) . Inhibition of GC by Ca 2ϩ -loaded GCAP is an essential process for regulation of the phototransduction cascade. Expression of GCAP mutants in which REFERENCES EF2ϪEF4 were disabled for Ca 2ϩ binding provides a powerful latory (inhibitory) site on GC.
